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ABSTRACT: Steam methane reforming has the highest efficiency compared with other hydrogen
production ways. Temperature, pressure, steam to methane ratio, and catalyst play essential roles in
the Steam methane reforming process. In this paper, a numerical simulation method is performed using
Cantera software in Python programming language to produce syngas and hydrogen in the Steam
methane reforming process over Nickel- and Rhodium-based catalysts. The simulation is done in 600-
1300K, steam to methane ratio of 2-4, and pressure of 0.25-4 bars to determine a suitable catalyst and
the best range to produce hydrogen and syngas and to reduce Carbone surface coverage. The results

Keywords:
demonstrate that the preferred ranges for hydrogen production over Nickel and Rhodium are temperature

between 1000 to 1100K, pressure 1 to 2 bars, and steam to methane ratio 2.5 to 3 and 3 to 3.5 for
each, respectively. The appropriate ranges to produce syngas over Nickel and Rhodium are temperature
1200-1300K and 1100-1300K, steam to methane ratio 2.5-3 and 3-3.5, respectively, and the pressure is
suggested between 1-2 bars. However, Rhodium in the same condition is more active than Nickel, while
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the surface coverage formation is lower over Nickel than Rhodium. Therefore, Nickel is proposed to
produce hydrogen via Steam Methane Reforming.

1- Introduction

Hydrogen is a clean energy resource that is suggested
instead of fossil fuels. At present, steam methane reforming
is one of the most developed and cost-effective methods of
hydrogen production from fossil fuels on an industrial scale
[1]. The steam methane reforming process includes a set of
methane reforming reactions (1), (2) and water gas shift (3)
as follows [2]:

conversion and the purity of hydrogen produced. Castillo et
al. [4] investigate the steam methane reforming process over
RwALQO, catalyst numerically and experimentally at low
temperature (573-723 K), high steam to carbon ratio (2.5),
and low pressure (0.1-0.2 MPa) conditions. According to
their results, the steam methane reforming process is highly
active in a temperature range of 573-723 K over the reactor
bed, and increasing the steam to carbon ratio causes the
reactor bed to be cleaner. Therefore, it improves the reaction

at low pressure.

CH,+ H,0 =2CO +3H, H ;= 206.1 kJ / mol (1)

2- Methodology
A numerical solution is performed using Cantera software
(2) in the Python programming environment. A plug flow reactor,
a series of volumes with axial distribution, can be modeled
under steady-state conditions using Cantera. The output state
of each reactor will be the input boundary condition of the
next well-stirred reactor.

CH,+2H,0 22CO, +4H,  H,, =165.0kJ/mol

CO+ HO ©2CO,+H,  H,,=-41.15kI/mol 3)

Abbas et al. [3] studied the kinetic data of the steam
methane reforming process over Nickel catalyst numerically
and experimentally at the pressure of 1 bar and a temperature
range of 300-700°C. The results showed that at high
temperature, low pressure, and high steam to carbon (S/C)
ratio, the system has high performance for methane

*Corresponding author’s email: ali.sacedi@birjand.ac.ir

2- 1- Equations
The dynamics of local change of surface coverage of
adsorbed species on the surface are expressed by Eq. (4).
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Fig. 1. Hydrogen production in the temperature range
of 600-1300 K and steam to carbon ratio of 2-4 over
Nickel-based catalyst
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Arrhenius function is a general form that shows reaction
constant is temperature-dependent and can be calculated
according to Eq. (5).

k, =AT"exp| ——
i f p( R

2] )

In most cases, the reaction constant is calculated according
to Eq. (5); but sometimes, the Arrhenius function change by
some surface species. So we have Eq. (6) [S]:

) E. 6.6,
k. =AT"exp| ——: 10%% @ " exp| ——H A
IR i p( RT]I,:[ ki p RT (6)

3- Results and Discussion

Fig. 1 shows the hydrogen mole fraction at the reactor
outlet in the temperature range of 600-1300 K for different
steam to carbon ratios of 2-4 at atmospheric pressure over the
Nickel catalyst. The highest amount of hydrogen production
is related to steam to carbon ratio equal to 2, and the lowest
occurs in steam to carbon ratio of 4; the appropriate range for
hydrogen production is more than 1000 K.

Fig. 2 shows the hydrogen mole fraction at the reactor
outlet in the temperature range of 600-1300 K for different
steam to carbon ratios of 2-4 at atmospheric pressure over the
Rhodium catalyst. The highest amount of hydrogen production
is related to steam to carbon ratio equal to 2, and the lowest
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Fig. 2. Hydrogen production in the temperature range
of 600-1300 K and steam to carbon ratio of 2-4 over
Rhodium-based catalyst
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Fig. 3. Comparison of methane conversion over Nickel
and Rhodium based catalysts in the temperature range
of 600-1300 K and steam to carbon ratio of 3

occurs in steam to carbon ratio of 4. The appropriate range for
hydrogen production is more than 900 K.

Fig. 3 shows methane conversion over Nickel and
Rhodium catalysts in a temperature range of 600-1300 K
and steam to carbon ratio equal to 3 at atmospheric pressure.
The activity of the Rhodium catalyst in comparison with
the Nickel catalyst is considerable in a temperature range
of 600-800 K, but at 800-1300 K, they behave similarly and
closely. Therefore, if it is desirable to carry out the process
at a low temperature of 600-800 K, a Rhodium catalyst is
recommended. In a temperature range of 800-1300 K, a
Nickel catalyst is a good option.
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4- Conclusions

The Steam Methane Reforming process over Nickel and
Rhodium catalysts was simulated to produce hydrogen and
syngas. The important results of this modeling are:

« apreferred range for hydrogen production over Nickel and
Rhodium catalysts are 1000-1100 K, steam to carbon ratio
of 2.5-3 and 3-3.5, and pressure 1-2 bar, respectively.

* appropriate range for syngas production over Nickel and
Rhodium catalysts is in the range of 1200-1300 and
1100-1300 K, steam to carbon ratio of 2.5-3 and 3-3.5
and pressure 1-2 bar, respectively.

* The performance of the steam methane reforming process
under suitable conditions for both Nickel and Rhodium
catalysts are similar; however, the Nickel catalyst
is recommended due to its cost-effectiveness and
availability.

* Based on methane conversion, Rhodium catalyst is
recommended for processing at low temperatures of 600
to 800 K.
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1 Discretization
2 Continuously Stirred Tank Reactor (CSTR)
3 Ordinary differential equation
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Fig. 1. Schematic of plug flow reactor as a channel with cylindrical cross section
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Fig. 2. Schematic of transfer and chemical heterogeneous process between gas phase and catalyst bed [26]
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Fig. 3. Flow chart of steam methane reforming process
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Fig. 4. Thermodynamic schematic of steam methane reforming reactor
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Table 1. Initial conditions used in models to estimate Nickel and Rhodium performance
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Fig. 5. Validation results of steam methane reforming over Nickel based catalyst at 1atm and steam to car-
bon ratio of 3, simulation 1 based on reactions [29] and 2 according to mechanism [30]

b JS6 Bl jain )3 )b b ke Koy a] 3 (g3l Jio s

Kol (Gilotend sl (san sho sloygiST, 5l Glacgare (85 s >
S0 1l l5dle 5 51 eolawl b (sdecSS,

po3l) CondllS g2 5 )b b e Sinn ) Al 3 ociam el =Y —F
poedly CanellS jgn )3 o b o Sipoyd) il b gl 7 IS

b IYY] ohSen 5 s (aBtilef] bt o (St Joo 93 sl
U5 CandBIS L M8 a0 4y gy ypolie imd so it

1040

IS CandBlS jpin 53 5050 L e Sie ) AT 8 xiaw el =) —F
S5 Bl jguin 13 )50 b o S ) 4815 duglio & JS

Ol [y V] hlSer 5 90y (2Btlejl @l 5 (St Jio 93 5l
S5 295 15581y Ky ABlel ©jg0 4 g ye ol Lm0
s h7 el 8 oliad ey b S5 US| 0 oy
Gl Sgpuio ol 0ol Cawd Ay yhunned] HLid Cot ¥ S A ,Bu o
G5l N e Lol ] o cand 0 Jgb B ol Jae ¢ ya 5l &S

¥ USS  cdls o i 50 A o oyl Gmli@b:ﬂ soolio b gy

L5 45 g gm0 ) S 5 alSlosl palia (5002 V0 gl



VEE VDAY doiio AF Y Jlo & 0yl BF 093 ¢puiS yual SeilSo biges  pis

1 —

0.8
= i
2 F
Lﬂ |
06
= i
s L
& L
v L
= -
2 0.4 -
s [/
; - / &

021 4 Simulation 3

A Exp erimental results [33]
— — — Simulation 4
L L L L I 1 1 L L I L 1 1 1 I L 1 1 L I 1 L L L
EI)»OID 500 600 700 800 900
Temperature("C)

[¥V] 050 3o ¥ 5 [YY] 8STg 0255 (ol 12 ¥ (g5l

YIA (255 4 5180 Camsd g phamol] ) Lid Cod 04231y CangUS jauin ;3 ,Lu b le Sigo 8, wly8 (i jliel gl & U

Fig. 6. Validation results of steam methane reforming over Rhodium based catalyst at 1atm and steam to
carbon ratio 2.8 simulation 3 based on reactions [27] and 4 according to mechanism [31]
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Fig. 7. Hydrogen production in temperature range of 600-1300 K and steam to carbon ratio of 2-4 over
Nickel based catalyst
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Fig. 8. CO and CO, production and surface coverage of C(s) in temperature range of 600-1300 K and steam to
carbon ratio of 2-4 over Nickel based catalyst
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Fig. 10. Hydrogen production in temperature range of 600-1300 K and steam to carbon ratio of 2-4 over Rho-
dium based catalyst
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Fig. 11. CO and CO2 production and surface coverage of C(s) in temperature range of 600-1300 K and
steam to carbon ratio of 2-4 over Rhodium based catalyst

Cgllasl & )ygo 55 (Jol (slod 03gae b oad coley )] 5> 599 bog
O Mg &S 9a5e (egd g (gl Are Ve uSlgige ()8 (9
G (3250 9 (glS WeemVeee ) 50 sl 49090 AuSgige
Sl (3,8 3930t (sl J9B B (5o (lgie 4 VIO-Y ()8 4yl
SS gy il xS ol g aled SV gaze CudS dgn0 enSled ()5
)5 Hlas
b aeSlien ()8 9 aaSloige () (0jgrien Jgo g8 WY S5
25 s e glS AV e (5lod )3 poaly S (sl 58T, (298
O 5 O3k a3 e L Jb T VD Gilisee (gla)lis o ¥ ()8 4,
U S ige () (Jgo puS )3 o35 6518 jlid (81 b spusSlie

3150 Loy olilom 5 a05e ol |y s GRSy L Y L

)

ey

Sl (5 S g0 (25 (9o S (nglS W 3 (e lois
IR g 4 Y S 4 b Cuns il 4 C(8) (raw (g 9
JooX g Y WK S a By cud 3 g o[V 5 +/o¥]
9 WS (o gy S8 SS bl Gl () 4 B G da
Jlasl dlawly 4 (ST 0)8 4 )b s oo 50T CandBlS s
S Iy 280 Gigrher M e Sl (Sl wSlie (S
Y gaze 1Sl ()5 g5 (355 d9a0e b VL ()8 4yl s
LS990 ()5 sy culie glod 3ga0e A3 0 35 |y (2le6
Ol 3 e b sl Veoe 5l a8 0aS1ed (S eomslS Vool i
ool e 5l i b glS A 5l ST (gl oS (b by

plos a8 5,8 pund Jg0d ol 53 Canlio 039050 93 (ylg7 oo ¢yl ol Sl



VEE VDAY doiio AF Y Jlo & 0yl BF 093 ¢puiS yual SeilSo biges  pis

78
%0,

oo
-3
|

H,
Osy
1

Wole fraction

Y

fm

7P

o £
0,

le fraction CO

Y55
Male fraction CQ,

[
/
o

Pressure(bar)

o /Y0 g )lid ;3 ¥ (p)S a By Comd g wglS Ve (Glod ;5 (3955 ST 60 9 MemSlgige (w55 chGg s (g0 oS Y UK
g3l CundUl i 4>

Fig. 12: H,, CO and CO, mole fractions at 1100K, steam to carbon ratio of 3 and pressure 0.25-4 bar over
Rhodium based catalyst
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Fig. 13. Comparison of methane conversion over Nickel and Rhodium based catalysts in temperature range of
600-1300 K and steam to carbon ratio of 3
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